Polymerisation-induced shrinkage is one of the main reasons why many photopolymer materials are not used for certain applications including holographic optical elements and holographic data storage. Here, two compositional changes for the reduction of shrinkage in an acrylamide-based photopolymer are reported. A holographic interferometric technique was used to study changes in the dynamics of the shrinkage processes occurring in the modified photopolymer during holographic recording in real time. Firstly, the effect of the replacement of the acrylamide monomer in the photopolymer composition with a larger monomer molecule, diacetone acrylamide, on polymerisation-induced shrinkage has been studied. A reduction in relative shrinkage of 10-15% is obtained using this compositional change. The second method tested for shrinkage reduction involved the incorporation of BEA-type zeolite nanoparticles in the acrylamide-based photopolymer. A reduction in relative shrinkage of 13% was observed for acrylamide photopolymer layers doped with 2.5% wt. BEA zeolites in comparison to the undoped photopolymer.
Introduction
Holography has become an area of great interest with application in many fields including holographic digital microscopy [1, 2] , holographic tweezers [3] , holographic optical elements (HOEs) for solar concentrators [4, 5] , sensors [6] [7] [8] [9] [10] , and data storage (HDS) [11, 12] . A large range of photosensitive media are available for holographic recording, each with its inherent advantages and disadvantages. Of these, photopolymer materials have been the subject of much study for holographic applications due to their large dynamic range, high sensitivity, and self-processing nature. Acrylamide-(AA-) based photopolymers in particular have been very popular among the research community due to the fact that they are water-soluble and easy to prepare and have relatively low cost and readily record bright, efficient holograms.
A drawback of photopolymer media is that they suffer from polymerisation-induced shrinkage [13] [14] [15] [16] [17] . As polymer chains form in the illuminated regions of a holographic grating during exposure, the density of the region is increased. The individual monomer molecules polymerise in a chain formation and become tightly packed together, resulting in shrinkage of the photopolymer layer. This shrinkage alters the diffraction properties of the grating as it is recorded. Shrinkage in photopolymer media restricts their suitability for certain holographic applications. If the recording medium suffers from shrinkage during recording, then the exact angle of recording and therefore the angle of reconstruction are shifted, and so read-out of the holograms is not possible without additional compensation for this shift. For example, shrinkage of HOEs during the fabrication process results in dimensional changes in the holographic element. This is a problem also for HDS, a technique which utilises the fact that holograms have high angular selectivity. Currently the upper limit for shrinkage in commercial HDS materials is 0.5% [18] .
2 Advances in Materials Science and Engineering Here, two methods for reduction of shrinkage in a watersoluble photopolymer system are reported. A holographic interferometric technique developed by Moothanchery et al. is used to quantify the relative shrinkage occurring in photopolymer compositions during holographic recording in real time [19] .
The first method for shrinkage reduction involves replacement of the AA main monomer in the photopolymer composition with a larger monomer molecule, diacetone acrylamide (DA). Previous studies reported by the authors have shown that substitution with the DA monomer molecule impacts on grating formation during holographic recording, reducing both the rate of polymerisation and the rate of diffusion [20] [21] [22] . This is attributed to the larger size of the DA molecule (10 × 4Å), which is approximately double the length of the AA monomer (5 × 4Å). It is expected that the replacement of the AA monomer with DA will influence the amount of polymerisation-induced shrinkage which occurs as a result of holographic recording due to variation of the monomer size and, therefore, the size and density of the resultant polymer chains. Comparison is made with previous measurements of shrinkage in an AA-based photopolymer system [23] .
The second method for shrinkage reduction involves the incorporation of BEA-type zeolite nanoparticles in the AAbased photopolymer. The idea of incorporating nanoparticles in photopolymer media was first introduced in 1994 by Krug and Schmidt [24] and in 1996 by Oliveira et al. [25] . In their photopolymer system, monomer molecules containing ZrO 2 nanoparticles were found to diffuse from the dark to the bright fringe regions during holographic recording, since the methacrylic component at the surface of the ZrO 2 nanoparticles being formed by the in situ condensation of methacrylic acid complexed zirconium propoxide was used to copolymerise with the organic species of the organosilane. On the other hand, Suzuki et al. [26] [27] [28] and later Sánchez et al. [29] among others examined the dispersion of inorganic nanoparticles to increase the refractive index modulation, Δ , by the counter diffusion of monomer and nanoparticles during holographic recording (i.e., monomer diffusion from the dark to the bright fringe regions and nanoparticle diffusion from the bright to the dark fringe regions). A detailed review of photopolymerisable nanocomposite photonic materials can be found in [30] . Suzuki et al. demonstrated that the inclusion of TiO 2 , SiO 2 , and ZrO 2 nanoparticles in their (meth)acrylate photopolymer led to a reduction in the amount of polymerisation-induced shrinkage, which was measured using the Bragg curve shift method [26] [27] [28] . Other methods for the reduction of shrinkage in holographic photopolymers include the use of epoxy resins [31] and organic-inorganic hybrid matrices [16] . Hata and Tomita demonstrated that substantial shrinkage suppression of nanoparticle-doped thiol-ene photopolymer systems can be achieved by use of step-growth polymerisation mechanisms in combination with the dispersion of nanoparticles [32] . Moothanchery et al. previously reported significant reduction in the shrinkage of an AA photopolymer with the incorporation of silica MFI-type zeolites (silicalite-1). Using the Bragg curve shift method, shrinkage of the zeolite-doped AA photopolymer has been shown to decrease from 1.32 to 0.57%, just above the commercial limit on shrinkage for HDS [33] .
Here, for the first time, a highly accurate holographic interferometric technique has been used to characterise in real time the effect of BEA-type zeolite nanoparticles and a larger DA monomer molecule on the shrinkage occurring in photopolymer films during holographic recording. In comparison to the Bragg method, this real-time technique allows for studying the dynamics of the shrinkage processes. Comparison is made regarding the relative effectiveness of the two methods for suppressing polymerisation-induced shrinkage.
Theory

Quantification of Shrinkage in Photopolymer Systems.
Extensive experimental work has been carried out to develop methods with which to accurately quantify the amount of shrinkage occurring in different photopolymer systems. Zhao et al. calculated shrinkage in the DuPont photopolymer to be 5.25% using the Bragg curve shift method [34] . In this widely used method, the fractional change Δ in the sample thickness is calculated from monitoring the shift between the initial 0 0 and final 0 1 slant angles:
0 0 and 0 1 , as shown in Figure 1 , are determined from the position of the Bragg curve peak before and after shrinkage occurs due to exposure [17] . The method assumes a dimensional change in the layer in the direction normal to the layer's surface. The change in the plane of the layer is usually ignored, although Shelby et al. have shown that inplane shrinkage also occurs [35] . This method was previously used by the authors to measure the relative shrinkage of an AA-based photopolymer, producing a value of 1.32% [19] , which is significantly lower than that of the DuPont photopolymer. Gallego et al. have developed a novel method of measuring shrinkage in an acrylate formulation using a reflection interferometer setup [36] . Shrinkage values of up to 3% were measured, and it was observed that volume shrinkage decreases with increasing spatial frequency of recording. A spectral interferometric method which uses a white-light Fabry-Pérot interferometer for measurement of shrinkage evolution in a photopolymer system is reported by Kawana et al. [37] . They report discrepancies between the spectral interferometric and holographic Bragg-angle detuning measurements of the polymerisation-induced shrinkage.
Holographic Interferometry for Real-Time Measurement of Shrinkage.
Holographic interferometry is a noncontact technique which can be used to study surfaces which are not optically smooth with very high precision and sensitivity. Its discovery is accredited to Leith and Upatnieks in 1963 [38] , but it was not until the work of Powell and Stetson in 1965 that the observed phenomenon was explained [39] . Several theoretical models have been developed for fringe analysis and evaluation of experimental holographic interferometry: the fringe plane rotation model [40] , the fringe plane rotation and average refractive index change model [41, 42] , and the fringe bending model [43] .
A holographic interferometric method has been developed by Moothanchery et al. [23, 44] , which allows monitoring of the shrinkage of the photopolymer layer in real time. In this method, a hologram of the object is recorded at a wavelength of 633 nm; in this case, the object is a photopolymer layer with negligible absorbance at this wavelength. A simple grating is then recorded in the object itself at a wavelength of 532 nm. This causes the photopolymer layer (i.e., the object) to shrink, changing the optical path length of the 633 nm object beam. This object beam, which is changing in real time, is caused to interfere with the beam reconstructed from the hologram of the unperturbed object. This produces interference fringes on the reconstructed image from the hologram, which are captured in real time using a CMOS camera. Figure 2 shows an example of images from a hologram of an AAbased photopolymer layer surface before exposure and again after exposure, in which the interference fringes are visible. From these captured interferograms, it is possible to calculate the change in the optical path length of the object beam from the number of fringes via the following equation:
where is the wavelength of the laser used in this experiment. Equation (3) relates the optical path length to the absolute shrinkage in microns Δ of the photopolymer layer:
where 1 is the angle of illumination and 2 is the angle of reconstruction ( Figure 3 ). By combining (2) and (3), the absolute shrinkage can be directly calculated from the number of fringes :
The absolute shrinkage Δ of the photopolymer layer is thus determined from the number of fringes observed in the captured images for specified values of , 1 , and 2 in (5). This allows for the shrinkage as a function of time to be studied by noting the time at which the interferometric fringes ( = 1, 2, . . .) appear in the live video, as seen in Figure 2 (c). This real-time technique is advantageous over the Bragg curve shift method for measuring shrinkage as it allows for dimensional changes in the material to be monitored as they occur and therefore provides more information about the dynamics of the shrinkage processes rather than just a single measurement made after recording has finished.
Experimental
Materials
Material Preparation for Composition A: Monomer
Substitution. It was necessary to prepare two different types of photopolymer samples for this experiment, as two different laser wavelengths are used. A green light-sensitised DA photopolymer solution was prepared for recording at 532 nm, as shrinkage is measured in this layer. For the 633 nm recordings which produce the interferograms of the DA photopolymer layers, an AA-based photopolymer solution was used. This was done to allow for accurate comparison with shrinkage measurements for the AA photopolymer by using the same recording conditions and recording material in which to record a hologram of the unexposed DA photopolymer surface. The two photopolymer compositions used are described in Table 1 . The DA photopolymer layers were prepared by depositing 0.5, 0.8, and 1.4 mL of solution onto 75 × 25 mm glass microscope slides to produce dry sample thicknesses of 45, 90, and 120 ± 5 m. The AA photopolymer layers were prepared by depositing 0.6 mL of photopolymer solution onto the same glass slides. The thickness of the dry photopolymer layer was measured using a white-light surface profiler (Micro XAM S/N 8038) and was found to be 60 ± 5 m. The layers were dried for approximately 24 hours before recording at room temperature.
Material Preparation for Composition B: Incorporation of Nanoparticles.
A green light-sensitised AA-based photopolymer was prepared by addition of 0.6 g of AA monomer, 2 mL of triethanolamine, 0.2 g of , -methylenebisacrylamide, and 4 mL of erythrosin B dye (0.11% wt. water stock solution) to 9 mL stock solution of polyvinyl alcohol in water (20% wt.). The synthesis of the BEA-type zeolite nanoparticles is described in [45] . The zeolite nanoparticles were added to 1 mL volumes of the green light-sensitised AA photopolymer solution as colloidal aqueous suspensions in volumes of 0.067, 0.169, 0.347, and 0.531 mL containing 4.9% wt. of nanoparticles. Additional water was added to equalize the solid substance concentrations in all stock solutions and to obtain the same thickness for the final nanocomposite layers. For sample preparation, 3.5 mL of BEA nanocomposite solution was spread on 25 × 120 mm glass plates and allowed to dry for 24 hours. The thickness of the dried BEA nanocomposite layers was 160 ± 5 m. The final concentrations of zeolite nanoparticles were 0, 1, 2.5, 5, and 7.5% wt. Samples of a red light-sensitised AA were prepared as described in Section 3.1.1.
Methods.
The holographic interferometer setup used is shown in Figure 4 . The 532 and 633 nm beams were spatially filtered, collimated, and then split in two using beam splitters. The two 633 nm beams were used in an interferometric arrangement to monitor the changes due to shrinkage in the green light-sensitised sample during exposure. To do this, one of the 633 nm beams was reflected from the surface of the green light-sensitised sample (object beam). The other 633 nm beam (reference beam) was partially reflected from a glass plate so as to allow for adjustment of the intensity and directed so that it interfered with the object beam of matching intensity on the red light-sensitised sample, thus recording a hologram of the surface of the green light-sensitised sample. An exposure time of 140 seconds and intensity of 0.5 mW/cm 2 were used for this recording. It is important to note that the green light-sensitised layer is not affected by the red beam, since the absorption at this wavelength is negligible.
Using the 532 nm interferometer, a grating was then recorded in the green light-sensitised sample, causing it to shrink. The real-time 633 nm object beam from the shrinking green light-sensitised layer was then allowed to interfere with the reconstructed object beam from the hologram of the unexposed green light-sensitised photopolymer layer on a screen. This allowed the resulting interferograms to be videorecorded in real time using a CMOS camera. The angles of illumination and observation of the 633 nm object beam were 26.2 ∘ and 33.7 ∘ , respectively. An image subtraction method was used in order to overcome the limited visibility of the fringes. A reference frame of the hologram recorded in the red light-sensitised sample (before the 532 nm exposure began) was subtracted using LabVIEW software from the other live frames to achieve this. A comprehensive description of the LabVIEW program used can be found elsewhere [23] . The intensity of the 532 nm laser was controlled using a neutral density filter. Equation (6) was used to calculate the diffraction efficiency, , of the transmission gratings recorded at 532 nm:
where is the incident intensity of a 633 nm probe beam and is the intensity of light diffraction by the grating.
Results and Discussion
Results for Composition A: Effect of Monomer Substitution on Shrinkage.
Measurement of the polymerisation-induced shrinkage of the DA photopolymer was carried out for different values of layer thickness and recording intensity. Two different definitions of shrinkage are used to characterise the samples: relative shrinkage, measured as a percentage of the overall sample thickness, and absolute shrinkage, the actual change in sample thickness measured in microns. Due to variations in dry sample thickness of ±5 m, the absolute and relative shrinkage values have an associated error of up to ±0.1%. Figure 5 shows the influence of sample thickness on both relative shrinkage and absolute shrinkage, which occurs during holographic recording in real time for three sample thicknesses: 45, 90, and 120 m. Both the relative shrinkage and absolute shrinkage are observed to increase with increasing sample thickness for gratings recorded in the DA layers with a recording intensity of 1 mW/cm 2 . Low recording intensities such as this have previously been shown to maximise polymerisation-induced shrinkage [44] and so were purposely chosen here in order to facilitate study of the shrinkage dynamics.
The same trend of increasing relative shrinkage with sample thickness was also observed for higher recording intensities of 5 and 10 mW/cm 2 (Figure 6 ). This is the opposite of the trend observed by Moothanchery et al. previously for the AA photopolymer [23] . This trend is most likely due to the fact that the light intensity and thus the number of photons penetrating the sample decrease exponentially with sample thickness. Figure 7 shows the relative shrinkage versus exposure energy for gratings recorded with intensities of 1, 5, and 10 mW/cm 2 in 120 m thick DA photopolymer layers. The amount of relative shrinkage at 1 mW/cm 2 is significantly greater than that at higher recording intensities for the same exposure energy. An identical trend was observed for 45 and 90 m thick layers. At lower intensities, the concentration of free radicals is reduced, and so longer polymer chain growth is promoted. This is due to the fact that there is a lower volume of free radicals resulting in a lower rate of termination. Thus, for the same exposure energy absorbed by the layer, the relative shrinkage at lower intensity is effectively larger than that caused by illumination with higher intensity. This intensity dependence is the same as the trend observed for the AA photopolymer by Moothanchery et al. [23] . On the basis of this dependence of relative shrinkage on intensity, one can analyse the results for layers of different thicknesses as shown in Figures 5 and 6 . Increased relative shrinkage is observed for thicker samples as a result of the effective lower recording intensity in the furthermost sections of the layer.
For recording intensities of 1 and 5 mW/cm 2 , the increase in relative shrinkage with thickness is equidistant. However, in the case of the 10 mW/cm 2 data, the same approximate maximum shrinkage value is reached for both the 45 and 90 m thickness layers. This result has been observed in several samples and is repeatable. One possible explanation is that as the recording intensity is increased to 10 mW/cm 2 , more photons of light will penetrate the furthermost sections of the layer. Therefore, the dependence of relative shrinkage on thickness will become less pronounced with increasing intensity.
From Figure 7 , it is also seen that there is a much larger difference observed in the rate of relative shrinkage between 1 mW/cm 2 and 5 mW/cm 2 than between 5 mW/cm 2 and 10 mW/cm 2 . This indicates that there exists an optimum Advances in Materials Science and Engineering recording intensity beyond which further increase of the intensity will have a limited effect on the rate of relative shrinkage as a function of exposure energy.
In order to investigate the different processes occurring in the DA photopolymer films during holographic recording and to allow for comparison with the AA photopolymer, the relative shrinkage versus exposure time data for the DA photopolymer was fitted with a double exponential function of the following form:
where is the final relative shrinkage value, 1 and 2 are the amplitudes of the first and second processes, and 1 and 2 are the time constants for the first and second processes. Initially a single exponent function was fitted; however, this was observed to be a poor fit. This is most likely because there are two processes taking place which determine the dynamics of the photopolymer shrinkage, especially for higher recording intensities. The first process is characterised by a time constant of a few seconds ( 1 ), while the second process is characterised by a time constant in the order of tens of seconds ( 2 ). Moothanchery et al. ascribed the slower second process, characterised by the longer time constant, to the conversion of monomer to polymer. They observed that as the recording intensity is increased, the value for the second time constant decreases as expected with faster monomer to polymer conversion. The first, faster process which is observed at higher recording intensities is thought to be governed by the rate of crosslinking of the AA photopolymer composition [23] .
Here, a double exponential function has been fitted to the relative shrinkage versus exposure time data for the 120 m thick DA photopolymer layers to allow for comparison with data for the 110 m thick AA photopolymer layers for recording intensities of 1, 5, and 10 mW/cm 2 . The fitted curves are shown in Figure 8 and the extracted values of the five parameters are given in Table 2 .
From the results for the DA photopolymer, it is seen that as was the case for AA the process characterised by the shorter time constant was not evident at the lowest recording intensity tested of 1 mW/cm 2 . For such low recording intensities, the rate at which the free radicals are generated will be lower and hence the crosslinking process will be slower. For this reason, a single exponential fit is sufficient to fit the dynamics of the shrinkage process at such low intensity of recording.
As the recording intensity is increased to 5 mW/cm 2 , two processes appear to be in operation. As the recording intensity is increased, the rate of free radical generation is faster and the density of free radicals per unit volume will be higher, resulting in faster and greater extent of crosslinking of the polymer chains. This is reflected in the faster process observed in the shrinkage dynamics. However, it is not possible to draw any more conclusions regarding a trend in the crosslinking rate due to the large error on both the time constant and amplitude values for the 5 mW/cm 2 data. This large error is due to the fact that there are very few data points available for a double exponential fit. As the recording intensity is increased again to 10 mW/cm 2 , the faster crosslinking process becomes more prevalent; however, its significance is still small relative to the second process, which is associated with the rate of DA monomer to polymer conversion.
By comparing the final relative shrinkage values for the DA and AA photopolymers at all intensities, it is observed that the DA photopolymer on average demonstrates approximately 10-15% less relative shrinkage as a percentage of sample thickness than the AA photopolymer. This is most likely attributed to the ability of the smaller AA monomer molecules to diffuse at a faster rate, thereby promoting the growth of longer polymer chains, resulting in increased relative shrinkage in comparison to the DA photopolymer.
Additionally, the relationship between grating diffraction efficiency, , and relative shrinkage was investigated for the AA and DA photopolymers. Table 3 shows the relative shrinkage measured for increasing values of grating . The gratings were recorded with exposure energies of 25-200 mJ/cm 2 and a recording intensity of 5 mW/cm 2 at a spatial frequency of 1000 L/mm. Two observations can be made from Table 3 . Firstly, the final value of relative shrinkage is greater for the AA photopolymer than for the DA photopolymer for the same exposure energy. Secondly, growth is slightly faster in the AA photopolymer. This is explained by the relatively faster diffusion of the AA monomer molecules in comparison to the larger DA monomer molecules which will diffuse at a slower rate.
Results for Composition B: Effect of Zeolite Nanoparticles on Shrinkage .
Measurement of the polymerisation-induced relative shrinkage of the BEA-doped AA photopolymer was carried out for four different concentrations of zeolite nanoparticles: 0, 1, 2.5, and 5% wt. All holographic recording was carried out using a total recording intensity of 5 mW/cm 2 . Figure 9 shows the relative shrinkage versus exposure time data for photopolymer layers doped with the different concentrations of BEA zeolites. From the data, it is evident that there is a decrease in relative shrinkage in the nanoparticle-doped photopolymer films.
As in Section 4.1, the experimental data was once again fitted with a double exponential function in order to quantify the different processes occurring in the photopolymer films during holographic recording. The values obtained from the fitted curve for the final relative shrinkage and the two time constants associated with the relative shrinkage are shown in Table 4 . As for the DA photopolymer, the longer time constant 2 is regarded as characteristic of the rate of monomer to polymer conversion.
The data in Table 4 shows that the amount of polymerisation-induced relative shrinkage occurring during holographic recording is reduced for all concentrations of BEA-zeolite nanoparticles in comparison to the undoped AA photopolymer layers. The lowest relative shrinkage value of 2.94% is achieved at a zeolite concentration of 2.5% wt. This represents a 13% decrease in relative shrinkage in comparison to the undoped photopolymer.
The observed reduction in relative shrinkage due to the incorporation of zeolites in the AA photopolymer may be attributed to increased stability of the nanoparticle-doped holographic grating. The redistribution of zeolite nanoparticles has previously been observed experimentally [45, 46] . A periodic structure of zeolites throughout a photopolymer grating may act to increase the stability of the layer, thereby contributing to a reduction in polymerisationinduced shrinkage in the layer. The stability of the grating structure is enhanced as the zeolite concentration is increased up to 2.5% wt., resulting in a decrease in relative shrinkage.
As the concentration of zeolites is increased beyond the optimum value of 2.5% wt., the relative shrinkage is once again observed to increase. This may be due to increased scattering occurring in the layers as a result of an excessive volume of zeolite nanoparticles. Thus, the illumination pattern becomes similar to a single beam, leading to homogeneous polymerisation of layers and, therefore, greater relative shrinkage.
Conclusions
Modifications of the photopolymer composition in order to reduce polymerisation-induced shrinkage during holographic recording have been investigated. The first compositional change involving the replacement of the AA monomer with a larger monomer DA resulted in an average reduction in relative shrinkage of 10-15% in comparison to the AAbased photopolymer. This reduction is most likely due to the difference in the monomer molecule sizes and their respective diffusion rates, both of which govern the ability of the photopolymer media to produce long polymer chains. Both the absolute shrinkage and relative shrinkage in the DA photopolymer were observed to increase with increasing sample thickness. Higher recording intensities of 5 and 10 mW/cm 2 were observed to be favourable for minimising relative shrinkage of the DA photopolymer layers during holographic recording.
The second method tested for shrinkage reduction involved the incorporation of BEA-type zeolite nanoparticles in an AA-based photopolymer. A 13% reduction in relative shrinkage was observed for photopolymer layers doped with an optimum concentration of 2.5% wt. of zeolite nanoparticles in comparison to the undoped AA photopolymer. The observed reduction in relative shrinkage is attributed to increased stability of the zeolite-doped grating structure.
Future work will include investigation of the effect of the incorporation of zeolite nanoparticles on the dynamics of the polymerisation-induced shrinkage for other photopolymer formulations, including the DA-based photopolymer. The
